We studied responses of cork oak (Quercus suber L.) to iron (Fe) deficiency by comparing seedlings grown hydroponically in nutrient solution with and without Fe. Seedlings grown without Fe developed some responses typical of the Strategy I group of Fe-efficient plants, including two-and fourfold increases in plasma membrane ferric chelate reductase activity of root tips after 2 and 4 weeks of culture in the absence of Fe, respectively. Moreover, seedlings grown hydroponically for 2 weeks without Fe caused marked decreases in the pH of the nutrient solution, indicating that root plasma membrane ATPase activity was induced by Fe deficiency. Iron deficiency also caused marked decreases in leaf chlorophyll and carotenoid concentrations, and chlorophyll concentrations were decreased more than carotenoid concentrations. Iron deficiency resulted in an 8% decrease in the dark-adapted efficiency of photosystem II and a 43% decrease in efficiency of photosystem II at steady-state photosynthesis. No major root morphological changes were observed in seedlings grown without Fe, although seedlings grown in Fe-deficient nutrient solution had light-colored roots in contrast to the dark brown color of control roots.
Introduction
Lime-induced chlorosis is a worldwide problem in many crops grown in semiarid areas (Byrne 1988) . Iron (Fe) availability is low in calcareous soils because Fe is precipitated as insoluble Fe(III) oxides and hydroxides (Lindsay 1974, Lindsay and Sadiq 1983) . Plants grown in Fe-deficient soils exhibit marked decreases in leaf chlorophyll, changes in chloroplast structure and function (Terry 1980) , as well as other morphological and biochemical changes. Plant species exhibit one of two general responses when Fe is scarce: the so-called Strategy I and Strategy II (Marschner et al. 1986 ). When grown with limited Fe supply, the Strategy I group of plants, which includes dicotyledonous and non-grass monocotyledonous species, exhibit a marked increase in the capacity of the roots to reduce ferric chelates (see review by Schmidt 1999) , a marked increase in ability to acidify the rhizosphere, and the development of root transfer cells and swollen root tips (Bienfait 1988 , Kochian 1991 . Other environmental stresses, such as the contamination of soils with heavy metals, can also induce Fe deficiency in some plant species. Heavy metals affect uptake of Fe either by inhibiting reduction of Fe(III) to Fe(II) or by competing with Fe(II) at the site of absorption (Alcántara et al. 1994) .
Knowledge of the responses of woody species to Fe deficiency is limited. Several studies investigated the responses of fruit tree rootstocks to Fe deficiency, focusing on the possibility of using ferric chelate and ATPase activities as physiological parameters to screen germplasm for Fe chlorosis tolerance (Gogorcena et al. 2000 and references therein). Also, the changes induced by Fe deficiency on the photosynthetic characteristics of pear, peach and citrus tree leaves have been studied (Morales et al. 1994 , Abadía et al. 1999 , Pestana et al. 2001 . However, the effects of Fe deficiency on woody species other than fruit trees have rarely been studied (Rosenfield et al. 1991) .
The main objective of this work was to characterize the effect of Fe deficiency in cork oak (Quercus suber L.) seedlings growing in controlled environments. We tested the hypothesis that cork oak has a Strategy I-type response to Fe deficiency. Cork oak, which is a sclerophyllous evergreen tree species, well adapted to summer conditions in the Mediterranean area (Faria et al. 1996) , is being exploited for commercial cork production in areas with calcareous soils in the southern part of Portugal and Spain (Bueno et al. 1992 ). Many of these soils are contaminated with heavy metals. Because cadmium and other divalent metals can interfere with Fe uptake and utilization, characterization of the responses of cork oak to Fe deficiency will provide some of the background data needed to initiate a detailed study of the effects of heavy metal stress on this species. This information is needed to assess the possible role that cork oak can play in the phytoremediation of soils contaminated with heavy metals in Mediterranean areas.
Materials and methods

Plant culture
Cork oak acorns were germinated at 22°C in plastic trays containing wet sand. Germination took about 15 days. When the first two leaves were developed and roots were about 8-10 cm long, seedlings were transferred to continuously aerated, halfstrength Hoagland's nutrient solution containing 2.5 mM Ca(NO 3 ) 2 , 2.5 mM KNO 3 , 1 mM MgSO 4 , 1 mM KH 2 PO 4 , and 23.1 µM H 3 BO 3 , 4.6 µM MnCl 2 , 0.19 µM CuSO 4 , 1.2 µM ZnSO 4 , 0.12 µM Na 2 MoO 4 and 45 µM Fe(III)-EDTA at pH 6.0. Seedling culture conditions included a day/night temperature of 23/20°C, a relative humidity of 70% and a 16-h photoperiod. Twenty to 30 seedlings were grown per 11-l plastic container in 10 l of nutrient solution for 15 days. Growth of the cork oak seedlings in hydroponic culture was slow. After 12-15 days, seedlings had about six leaves. By this time roots were 16.0 ± 1.2 cm long with a fresh mass of 4.5 ± 0.2 g, and shoots were 5.9 ± 0.4 cm long with a fresh mass of 0.28 ± 0.02 g.
After 12-15 days of hydroponic culture, Fe treatments were imposed by transferring seedlings to nutrient solution containing 45 or 0 µM Fe(III)-EDTA in the same growth chamber and with the same growth conditions specified previously. In some experiments, each seedling was grown in a 1.4-l container in 1.2 l of nutrient solution, and in other experiments 20 seedlings were grown per 11-l container in 10 l of solution. Seedlings were subjected to the Fe treatments for 65 days. Nutrient solutions were changed once every 15 days and the pH was checked and if necessary readjusted to 6.0 every 2 days, unless otherwise stated.
Ferric chelate reductase activity measurements
Ferric chelate reductase (FC-R) activity of roots was assayed by measuring the formation of the Fe(II)-bathophenanthrolinedisulphonic acid (BPDS 3 ) complex from Fe(III)-EDTA (Bienfait et al. 1983) . Three root tips from the youngest root part (approximately 2-3 cm each, 10-20 mg total fresh mass) were excised and incubated in the dark in Eppendorf tubes with 1 ml of assay solution containing 400 µM BPDS (ACROS Organics, Greenwood Village, CO), 500 µM Fe(III)-EDTA, and 10 mM MES, pH 5.5. After 10 min, the root tips were removed, tubes were centrifuged and the absorbance of the supernatant was determined at 535 nm. An extinction coefficient of 22.14 mM -1 cm -1 was used to estimate the concentration of the Fe(II)-BPDS 3 complex. To correct for any nonspecific photoreduction, blanks without root tips were used. Root FC-R activity of intact individual seedlings was also determined in vivo after a 60-min reaction in beakers containing 100 ml of 300 µM BPDS, 500 µM Fe(III)-EDTA and 10 mM MES, pH 5.5. During the assays, each beaker was covered with aluminum foil to minimize photoreduction.
Pigment analysis
Leaf disks were frozen in liquid N 2 and stored at -20°C. Leaf pigments were extracted from the frozen disks with acetone in the presence of sodium ascorbate and stored as described previously (Abadía and Abadía 1993) . Pigment extracts were thawed on ice, filtered through a 0.45 µm filter and analyzed by a two-step isocratic high performance liquid chromatography (HPLC) method based on a three-step method developed by de las Rivas et al. (1989) . The two steps used were: mobile phase A (acetonitrile:methanol, 7:1, v/v) was pumped for 3.5 min; and then mobile phase B (acetonitrile:methanol:water:ethyl acetate, 7:0.96:0.04:2, v/v) was pumped for 4.5 min. We added 0.7% (v/v) of the modifier triethylamine (TEA) (Hill and Kind 1993) to both solvents to improve stability of the pigments during separation. All chemicals used were of HPLC quality. The column was equilibrated before injecting each sample by flushing with mobile phase A for 5 min. The analysis time for each sample was 13 min including equilibration time.
Iron determination
Total Fe concentrations in leaves and roots were determined by atomic absorption as described previously, following the dry-ashing digestion method of the Association of Official Agricultural Chemists (Abadía et al. 1985 , AOAC 1990 .
Modulated chlorophyll fluorescence
Modulated chlorophyll (Chl) fluorescence measurements were made on attached leaves in the growth chamber with a PAM 2000 fluorometer (Walz, Effeltrich, Germany) as described previously (Abadía et al. 1999 , Morales et al. 2000 . The minimal Chl fluorescence in the dark (F o ) was measured by switching on the modulated light at 0.6 kHz; photosynthetic photon flux density (PPFD) was less than 0.1 µmol m -2 s -1 at the leaf surface. Both maximal Chl fluorescence in the dark and in the light (F m and F m ′, respectively) were measured at 20 kHz with a 1-s pulse of 6000 µmol m -2 s -1 of white light. Parameter F m was measured after 30 min of dark adaptation 2 h after the start of the photoperiod, and F m ′ and Chl fluorescence at steady-state photosynthesis (F s ) were measured at 300 µmol m -2 s -1 photosynthetic active radiation (PAR). The experimental protocol for the analysis of Chl fluorescence quenching was essentially as described by Genty et al. (1989) with some modifications. Parameters F o and minimal Chl fluorescence during energization (F o ′) were measured in the presence of far-red light (7 µmol m -2 s -1 ) to fully oxidize the photosystem II (PSII) acceptor side (Belkhodja et al. 1998) . Actual photosystem II efficiency (Φ PSII ) and intrinsic PSII efficiency (Φ exc ) were calculated as (F m ′ -F s )/F m ′ and F v ′/F m ′, respectively , Harbinson et al. 1989 ). Photochemical quenching (q P ) was calculated as (F m ′ -F s )/F v ′ according to van Kooten and Snel (1990) . Non-photochemical quenching (NPQ) was calculated as (F m /F m ′) -1, according to Bilger and Björkman (1990) .
Statistical analysis
Data were subjected to analysis of variance and comparison of means was carried out with a Student's t-test at P < 0.05. All analyses were made using SPSS V.10 software (SPSS Science, Chicago, IL).
Results and discussion
Seedling growth
Hydroponic culture in the absence of Fe resulted in visible symptoms of chlorosis in young cork oak leaves, whereas old leaves remained green (Figure 1) . The 65-day period of Fe deprivation did not affect seedling size. All seedlings grew about 0.5 cm per day, and in some cases seedlings grown without Fe grew in height more than the controls (data not shown). Green leaves of seedlings grown in the presence and absence of Fe had similar Fe concentrations (51 ± 11 and 45 ± 8 µg Fe g DW -1 , respectively); however, yellow leaves of seedlings grown without Fe contained only 26 ± 8 µg Fe g DW -1 . Root Fe concentration in the controls was 501 ± 13 µg g DW -1 , whereas it was 247 ± 13 µg g DW -1 in roots of Fe-deficient seedlings. After 15-30 days of growth in hydroponic culture, cork oak roots consisted of principal roots (about 1 mm thick), and a system of secondary new roots (Figure 2 ). Roots of seedlings grown without Fe were light in color, whereas roots of seedlings grown with 45 µM Fe(III)-EDTA were dark brown (Figure 2) . Iron precipitation from Fe(III)-EDTA on the root apoplast may explain the dark brown color (Chaney and Bell 1987) . Observations under light and scanning electron microscopy (data not shown) indicated that, except for the change in root color, root morphology was unaffected by Fe deficiency. Compared to control seedlings, roots of seedlings grown without Fe had a similar amount of secondary roots (see inserts in Figure 2 ), and no swollen root tips or root hairs were present. Although morphological root changes are often an integral part of the response of Strategy I plants (Welkie and Miller 1993) , woody plant species may (Rosenfield et al. 1991) or may not (Gogorcena et al. 2000) exhibit morphological changes in response to Fe deficiency.
Photosynthetic pigment changes with iron deficiency
As reported for other species Abadía 1993, Morales et al. 1994) , cork oak seedlings grown without Fe had lower concentrations of all leaf photosynthetic pigments, including Chls and carotenoids, compared with control seedlings. Chlorophyll concentrations were reduced to a greater extent than carotenoid concentrations. After 30 days of culture without Fe, pigment concentrations on an area basis were 11, 13 and 20% of the controls for total Chl, total carotenoids and VAZ (sum of violaxanthin, antheraxanthin and zeaxanthin) pigments, respectively (Table 1) . As a result of these changes, the molar ratios of carotenoids/Chl and VAZ/Chl increased by 25 and 106%, respectively, in the Fe-deficient seedlings (Table 1). Thus, Fe deficiency caused a large decrease in Chl concentration in the photosynthetic apparatus relative to the concentration of VAZ pigments, which can carry out non-radiative dissipation of excess energy (see review by Abadía et al. 1999 ). The Chl a/b ratio increased from 3.1 to 4.8 in response to Fe deficiency (Table 1) , indicating a decrease in antenna size relative to reaction centers. The Chl a/b ratio has been reported to stay constant or to increase in response to Fe deficiency, depending on plant species and growth conditions (Abadía and Abadía 1993) .
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Chlorophyll fluorescence changes with iron deficiency
Iron deficiency caused moderate (about 8%) decreases in the dark-adapted efficiency of PSII (Table 2) . At steady-state photosynthesis, however, Fe deficiency decreased Φ PSII by 43% (Table 2 ). This was associated with a 21% decrease in Φ exc and a 24% decrease in q P . On the other hand, NPQ increased by about 38% in response to Fe deficiency. All of the changes in chlorophyll fluorescence in response to Fe deficiency point to an increased capacity for dissipation of the excess light that cannot be used in photosynthesis (Abadía et al. 1999) , even though the number of photons absorbed by Fe-deficient seedlings was less than that absorbed by control seedlings.
Changes in ferric chelate reductase activity with Fe deficiency
Excised root tips of seedlings grown without Fe for 9 days had FC-R values similar to those of control seedlings (Figure 3 ). In contrast, excised root tips of seedlings grown without Fe for 17 and 30 days had FC-R activities that were two-and fourfold 1338 GOGORCENA, MOLIAS, LARBI, ABADÍA AND ABADÍA TREE PHYSIOLOGY VOLUME 21, 2001 Table 1 . Changes in leaf photosynthetic pigment concentrations per area (total chlorophyll, total carotenoids and violaxanthin cycle (VAZ) pigments in µmol m -2 ), relative photosynthetic pigment composition (molar ratios of carotenoids and VAZ pigments to chlorophylls) and chlorophyll a/b molar ratio in response to Fe deficiency in cork oak (Quercus suber). Twenty to 30 seedlings were grown with 45 (Fe-sufficient, +Fe) or 0 µM Fe(III)-EDTA (Fe-deficient, -Fe) for 30 days in 10 l of nutrient solution. In the case of the Fe-deficient seedlings, data were obtained from recently expanded yellow leaves (see Figure 1) . The -Fe/+Fe ratios for each parameter are also given. Values are means ± SE of 6-7 replicates. Within a row, means followed by a different letter are significantly different at P < 0.05 (Student's t-test). higher, respectively, than control values ( Figure 3 , Table 3 ). However, in whole-root systems, the Fe-deficiency treatment had no significant effect on FC-R activity (Table 3) , perhaps because roots become dark and lignified quickly, and lignified areas often give an artificially high FC-R reading in the assay (Gogorcena et al. 2000) . Similar problems were found when FC-R activity was measured in apple and peach rootstocks (Ao et al. 1985 , Gogorcena et al. 2000 .
Changes in proton extrusion rate with Fe deficiency
During the first 15 days of culture, the pH of the nutrient solution was similar for Fe-deficient and control seedlings. After approximately 15 days of growth in nutrient solution without Fe, however, seedlings started to decrease the solution pH, making it necessary to adjust the pH to the original value of 6.0 every 2 days (data not shown). In contrast, seedlings grown in the nutrient solution containing Fe for 30 days had little effect on solution pH. The effect of Fe deficiency on root proton extrusion was further studied by examining the pH changes occurring when individual seedlings were grown in 1.2 l of nutrient solution without Fe and the pH of the nutrient solution was allowed to change without adjustment until Day 46 (Figure 3) . On Day 46, the pH of the nutrient solution in which the Fe-deficient seedlings were growing was less than 3.5. The rate of pH decrease was equivalent to about 8.7 nmol H + plant -1 min -1 . On Day 47, seedlings were provided with fresh nutrient solution without Fe, at pH 6.0. In 5 days, the pH of the nutrient solution had decreased from 6.0 to 3.8. The pH of the nutrient solution was readjusted to the initial pH value of 6.0 on Days 53 and 57. In both cases, nutrient solution pH decreased below 3.5 in only 3 to 4 days. This suggests that Fe-deficient cork oak seedlings can effectively decrease the pH of the rhizosphere.
Enhanced proton extrusion rate in response to Fe deficiency is a well-known feature of Strategy I plants (Marschner et al. 1986 , see reviews by Bienfait 1996 , Jolley et al. 1996 and may lead to an enhanced solubility of sparingly soluble Fe compounds and also to optimal functioning of the FC-R enzyme (Schmidt 1999) . The development of proton extrusion capacity, however, does not always occur in Strategy I plants. For instance, the GF 677 Prunus rootstock did not show any detectable increase in proton extrusion in response to Fe deficiency when grown in a similar system (Gogorcena et al. 2000) .
Conclusions
Iron deficiency in Quercus suber seedlings induced a series of changes that are characteristic of a Strategy I-type response. Although the cork oak seedlings showed no apparent changes in root morphology in response to Fe deficiency, they exhibited a marked increase in root proton extrusion in response to Fe deficiency. However, the onset of measurable proton extrusion was slower than the development of an enhanced capacity to reduce Fe(III) in the medium. Changes in photosynthetic pigment composition and chlorophyll fluorescence were comparable with those described in other plant species and point to an enhanced capacity for energy dissipation (Abadía et al. 1999) . Table 3 . Changes in root ferric chelate reductase activity (nmol Fe reduced g FW -1 min -1 ) in excised root tips and whole-root systems of intact seedlings in response to Fe deficiency in cork oak (Quercus suber). Twenty to 30 seedlings were grown with 45 (Fe-sufficient, +Fe) or 0 µM Fe(III)-EDTA (Fe-deficient, -Fe) for 30 days in 10 l of nutrient solution. The -Fe/+Fe ratios for each parameter are also presented. Values are means ± SE of 2-3 replicates. Within a row, means followed by a different letter are significantly different at P < 0.05 (Student's t-test).
Tissue
Fe-sufficient Fe-deficient -Fe/+Fe Root tips 8.0 ± 1.6 a 33.2 ± 0.8 b 4.1 Whole-root systems 5.0 ± 1.0 a 6.6 ± 1.0 a 1.3
